ABSTRACT
INTRODUCTION
DNA recombination inherently involves breakage and joining of distant DNA sites. The recombination reactions require two major functional components: a recombinase protein and specific DNA sites at which the recombinase binds and executes recombination. A highly conserved catalytic domain, containing a DDE signature, commonly characterizes many recombinases (1) . The DDE superfamily is widespread from prokaryotes to humans, including transposases encoded by the bacterial IS elements and the Tc1/mariner family of eukaryotic DNA-transposons, retroviral integrases and the RAG1 recombinase of V(D)J recombination, a transposition-derived process (2) that generates the immunglobulin repertoire of the adaptive immune system in vertebrates. The growing numbers of solved crystal structures of various recombinases (3) (4) (5) (6) (7) reveal that although these enzymes catalyse similar chemical reactions, there are also important differences in how the different elements process the reaction.
Namely, although all DDE transposases initiate the DNA cleavage reaction with a single-stranded nick at the end of the transposon, second-strand-processing can proceed in three different ways (reviewed in (8) ). Cleavage of the second strand can be achieved via a hairpin intermediate that forms either on the transposon end (e.g. Tn5) or at the ends of the cleaved genomic DNA (hAT transposons, V(D)J recombination (reviewed in (8) ). In contrast, the mariner elements and Sleeping Beauty (SB), members of the Tc1/mariner family, do not transpose via a hairpin intermediate (9, 10) , indicating that double-strand cleavage is the result of two sequential hydrolysis reactions by the transposase (11) .
In transpositional DNA recombination reactions, the DNA sites, between which the recombination reaction occurs, are strictly defined in order to limit risks on genome stability posed by inter-chromosomal recombination between unlinked transposons scattered around the genome. This strict definition is provided by a requirement for a synapsis of the two ends of the same transposon before any catalytic step can commence. Yet, occasional cleavage events initiated at seemingly unsynapsed sites were observed in RAG1-mediated recombination, as well as in mariner, piggyBac or SB transposition at different frequencies (3, 9, (12) (13) (14) (15) (16) . Such events likely result from bimolecular pairing of transposon ends, when synapsis occurs between two separate transposon molecules (16) .
Enforcement of synapsis of the transposon ends varies among recombinases. In the transposition of the bacterial elements Mu, Tn5 and Tn10, the synaptic complex has a trans architecture, that is, the monomeric transposase must bind to the other transposon end before dimerization and catalysis to occur. Thus, the trans architecture of the synaptic complex couples the initiation of catalysis and synapsis, thereby suppressing non-canonical reactions. In contrast, RAG1 recombinase and the mariner transposase bind the recognition site as dimers, capable of performing catalysis without synapsis (reviewed in (8) ), suggesting that noncanonical recombination events need to be suppressed by other regulatory mechanisms. In V(D)J recombination, unpaired reaction products are filtered out by a highly controlled, ordered assembly process, assisted by a cellular factor, HMGB1 (17) (18) (19) . In mariner transposition, a topological filter suppresses promiscuous synapses of unlinked transposon ends (14) . In these reactions a conformational change of the transposase couples synapsis and cleavage that helps to filter out aberrant recombination products (3, 9, 11, 13, 14) .
In addition to the transposase, the transposon terminal inverted repeats (IRs) can also potentially contribute a regulatory role to synaptic complex assembly. While mariners have short IRs with one transposon binding site at each transposon end, SB belongs to the inverted repeat/direct repeat (IR/DR) subfamily of transposons, possessing two transposase binding sites (represented by direct repeats, DRs) at each transposon end (reviewed in (20) (Figure 1A ). The left IR contains an additional motif (HDR) that acts as an enhancer in SB transposition (21) . While the IR/DR is a strict requirement of SB transposition (22) , our understanding of its role in the transposition process is limited.
No active members of the Tc1/mariner family have been isolated from vertebrate genomes. In an attempt to decipher how simple IR-and IR/DR-type elements are regulated, we first analysed genomic copies generated by past activities of Tdr1 (IR/DR type) and Hsmar1 (simple IR) transposons in the zebrafish and human genome, respectively. In addition, we compared the transposition reactions of resurrected, active versions of Hsmar1 (simple IR) and SB (IR/DR) elements. In a systematic approach, we dissected both the transposon and the transposase of SB to small, functional domains, and addressed their contribution to the transposition process. Our data obtained by using a combination of in vivo, in vitro and in silico approaches suggest that the IR/DR structure might have evolved to promote an 'ordered assembly' process of transposon-transposase complexes. This tight regulation suppresses abnormal recombination activities, and more efficiently inhibits the mobilization of short, internally deleted copies of the IR/DR subfamily of transposons, including SB.
Our mechanistic studies combined with molecular evolution resulted in a sequence variant of the transposon IR with improved substrate recognition by the SB transposase. Furthermore, we identified a genetic variant of the SB transposase that can trigger a transition between mechanistically different recombination reactions, such as V(D)J recombination or transposition. Unusually, this transposase variant liberates the transposon by hairpin resolution, and generates an extrachromosomal product. Such variants generated by random mutation might stabilize transposon-host interactions or prepare the transposon for horizontal transfer.
The inactivation process included the generation of mutagenized IRs, known as 'self-inflicted wounds' (23), disabling both types of transposons from remobilization. Furthermore, mariners, but not the IR/DR elements seem to give rise to internally deleted, shorter copies that are mobilized more frequently than full-length elements (26) . These shorter variants eventually outcompete the transposition of autonomous, transposase encoding elements, and contribute to the inactivation process. In the human genome, this process is associated with the emergence of Hsmar1-derived MITEs that gave rise to a large number of miRNA genes.
MATERIALS AND METHODS

Plasmid constructs
Prokaryotic vectors pET-21a/N57, pET-21a/58-123 and pET-21a/N123 expressing hexahistidine-tagged (HIS) subdomains of the SB DNA-binding domain, PAI, RED and N123 respectively, has been described previously (21) ; pET28/HMGB1 expressing HIS-tagged version of HMGB1 was kindly provided by M. Bianchi, Milan, Italy (described in (24) ). For expression of the SB transposase in HeLa cells a pCMV-SB10 (25) and pCMV-SBD3 (D3), a catalytic mutant (E278D) of SB, has been used; pCMVHsmar1 and pCMV-Hsmar1-Ra express the inactive and active versions of Hsmar1 transposase, respectively (26) . As donor plasmids in in vivo assays the following constructs have been used: pT/neo described previously (25) ; pHsmar1-neo and pHsmar1-neo-left lacking the right IR (26) . The pre-cleaved transposon substrate, pTBsaXI contains identical left IRs generated by amplifying the transposon using the primer of T-prclvd: ACGTCAGCTCCTAC CCTACAGTTGAAGTCGGAAGTTTACATACAC.
Cloning
The mutated SB transposon ends were created by PCRmediated mutagenesis (for details see Table 1 ). (25, 26) transposons, lacking the right IRs is shown relative to the respective wild type transposons. Wild type and mutated transposons lacking the right IRs were subjected to transposition assay in HeLa cells with active (Hsmar1-Ra; SB) or inactive (Hsmar1-cons; SB-D3) transposase versions. Integration frequencies were calculated as a ratio of colony numbers obtained with active versus inactive transposases. To identify transposon-mediated single ended (SE) integration events, the surrounding of transposon integration sites were analysed by linker-mediated PCR in the indicated number of colonies. Only precise left IR integrations (flanked by TA) to the canonical transposon target site were interpreted as single ended integration. *Data of single ended SB integration is based on (16) . signs refer to deletion. 
Protein expression and purification
Expression and purification of His-tagged PAI and RED subdomains were conducted as described in (21) . The His-tagged HMGB1 was expressed in Escherichia coli BL21(DE3) upon addition of 0.8 mM IPTG at OD (A 600 ) ∼0.6 and growth at 30
• C for 4 h. The bacterial pellet was resuspended in lysis buffer (50 mM NaH 2 PO 4 pH 7.8 , 300 mM NaCl and 10 mM imidazole) containing 1 COM-PLETE Mini Tablet (Roche) and sonicated. Purification was done on Ni-NTA Spin Columns (QIAGEN) according to the manufacturer's protocol.
Electromobility shift assay (EMSA)
Double-stranded oligonucleotides corresponding to either 12 or 14DRs were end-labeled using [␣-32 P]dCTP and Klenow fragment. The DNA probe containing the left IR was a EcoRI fragment of the pT/neo, end-labeled with [␣-32 P]dATP. Following the Klenow reaction, the labeled DNA was purified on MicroSpin G-25 Columns as described by the manufacturer. Binding reactions were performed in 20 mM HEPES (pH 7.5), 0.1 mM EDTA, 1 mM DTT, 20 000-50 000 cpm labeled DNA probe and various concentrations of the proteins (as noted in the figs) were added in a total volume of 10 l, and incubated 10 min on ice. After addition of 3 l of loading dye (containing 50% glycerol and bromophenol blue) the samples were loaded onto a 4% or 6% polyacrylamide gel. The electrophoresis was carried out in Tris-glycine buffer pH 8.3 at 25 mA for 2-3 h. The gels were dried for 45 minutes using the gel dryer from BIORAD. After overnight exposure the gels were scanned with Fujifilm FLA-3000 and analysed with AIDA program.
Sequence of probes used in the experiments: 14DR; 12DR; CAST-2-S 5 -acatacaccctggtgtatgtaaagatcggacggccggtt gg-3 CAST2-AS 5 -gactccaaccggccgtccgatctttacatacaccag ggtgtatgt-3 ;
CAST-5-S 5 -acatacaggcgcgtgtatgtacacttggggtcgtcactt gg-3
CAST-20-AS 5 -gactccaagtctttgtgtacacagtatgtacactta cgtgtatgt-3
Chemical crosslinking
Reactions were performed using the bis(sulfosuccinimidyl) substrate (BS 3 , Pierce Biotechnology, USA) according to manufacturer's recommendations, and as in (21) . Briefly, SB derivative RED (N58-123, 3M) was incubated on ice in 20 mM HEPES (pH 7.5), 5 mM MgCl 2 , 100 mM NaCl and 2.5 mM BS 3 (bis(sulfosuccinimidyl), Pierce), in a final volume of 15 l for 2 h. The reactions were stopped by adding Tris-HCl pH 7.5 to a final concentration of 50 mM and incubating 10 min at room temperature. Then the Laemmli buffer (125 mM Tris-HCl pH 6.8, 5% SDS, 10% ß-mercaptoethanol, 25% glycerol and bromophenol blue) was added and samples were loaded on 15% SDS-PAGE and analysed by Western blotting using polyclonal anti-SB antibody (R&D Systems, USA) and anti-goat IgG (Pierce Biotechnology, USA).
CASTing experiment
The CASTing was performed based on the method described in (Wright, Binder et al. 1991) . Oligonucleotides with random 35 bp long core SB-DOL: 5 -GCG GGA TCC ACT CCA GGC CGG ATG CT (N) 35 CAC CAG GGT GTA AGG CGG ATC CCG C-3 were synthesized and made double-stranded in a PCR reaction with primers complementary to the sequences flanking the core. The nucleoprotein complexes formed during 1 h incubation of 2 g of the oligonucleotides with 0.15 g of the purified His-tagged SB transposase (SBFl-6H) (21) were recovered using the Ni-NTA resin (QIAGEN). The bound oligonucleotides were enriched by extensive washing steps. The selected oligonucleotides were extracted and amplified by primers A, 5 -GCG GGA TCC GCC TTA CAC CCT GGT G-3 and B, 5 -GCG GGA TCC ACT CCA GGC CGG ATG CT-3 and subjected to additional rounds of the CASTing cycle to increase the specificity of the method. The oligonucleotides obtained from sixth round were sequenced and tested in binding and transposition assays.
Cell culture
HeLa cells were grown in DMEM (GIBCO BRL, Germany) supplemented with 10% Fetal Calf Serum Gold (FCS Gold) (PAA, Germany) and 1% antimycotic antibiotic (Invitrogen, Germany). One day prior transfection cells were seeded onto six-well plates. Cells were transfected with Qiagen purified DNA (Qiaprep spin miniprep kit, Qiagen) using jetPEI RGD transfection reagent (Polyplus Transfection, France). Two days posttransfection cells were harvested for excision assay and/or were plated out on 10 cm plates for selection using 1 mg/ml G418 (Biochrom, Germany). After 3 weeks of selection, colonies were stained and counted as described in (25) .
PCR-based excision assay
In order to analyze excision sites of the PCR-based excision assay, plasmid DNA was isolated from harvested cells using the QIAprep Spin Miniprep protocol with small modifications. Instead of the P2 buffer, 1.2% SDS and 0.1 g/l Proteinase K was added. DNA was eluted in 50 l Elution Buffer and 2 l was used as template for PCR. The PCR was performed with Taq polymerase and 10 pmol of primers aligning to the pUC19 backbone sequence in order to obtain the excision site (primer sequences 5 -cagtaagagaattatgcagtgctgcc-3 and 5 -cctctgacacatgcagctcccgg-3 ). The PCR product was diluted 1:100 and 1 l was subjected to another round of PCR with nested primers (primer sequences 5 -gcgaaagggggatgtgctgcaagg-3 and 5 -cagctggcacgacaggtttcccg-3 ). The PCR program used in the assay is: 94
• C 5 min; 30× (94
To normalize the PCR conditions for excision assay, a PCR for ampicillin gene (5 -tgcacgagtgggttacatcgaact-3 and 5 -ttgttgccattgctacaggcatcg-3 ) was performed using PCR program: 94
• C, 5 min 15× (94
The products were visualized on 1.2% agarose gel.
Genomic DNA isolation
Cells collected from 12-well or 6-well plates were washed with PBS, then lysed in lysis buffer (10 mM Tris pH 8.5, 5 mM EDTA, 0.5% SDS, 200 mM NaCl and 100 g/ml Proteinase K) by incubating them at 37
• C overnight. Next the DNA was ethanol precipitated and the pellets were dissolved in TE buffer (10 mM Tris pH 8.0, 1 mM EDTA) containing 0.1 mg/ml RNase.
Genomic analysis of transposon integration sites
For SB transposon. 1 g of genomic DNA was digested with BglII and BclI restriction enzymes, then after precipitation the DNA fragments were circularized by ligation overnight at 16
• C in a large volumes to facilitate self-ligation. After precipitation the DNA samples were dissolved in 30 l TE buffer and 2 l was used as template for PCR reactions. Nested PCRs were conducted with primers aligning to the neomycin resistance gene (neo) and SB inverted repeat sequences (IRs). Sequence of the PCR primers are the following; neo 5 -ccttgcgcagctgtgctcgacg-3 , cgtcgagcacagctgcgcaagg in the 1. PCR: SB primer 5 -ctcatcaatgtatcttatcatgtctgg-3 , in the 2. PCR: Nested SB primer 5 -cttgtgtcatgcacaaagtagatgtcc- 
Sleeping Beauty transposon excision assay using GFP reporter
To evaluate the effects of the length of the internal sequence of the SB transposon on excision efficiency, 977-and 1654-bp sequences (containing partial SV40-neo) were removed from the pCMV(CAT)-GFP/pT2Neo reporter, to derive alternative excision reporters with shorter internal sequences (1260 and 583 bp, respectively). In detail, the reporter construct pCMV(CAT)-GFP/pT2Neo (7) was digested with RsrII and NsiI to remove a 977 bp internal sequence between the inverted repeats, and religated (Mutant#1,1200 bp). Mutant#2 was generated by partially digesting the pCMV(CAT)-GFP/pT2Neo with HindIII to remove 1654 bp internal sequence, and religated. The three transposon constructs were purified using the Qiagen plasmid midi kit. The plasmid DNA was transfected into HeLa cells with the transposase-expressing plasmid pCMV(CAT)SB100X (27) using jetPEI (Polyplus transfection, for mammalian cells) according to instructions of manufacturer. Three days later we estimated the number of GFP-positive cells by FACS.
Genome-wide analyses of the Tdr1 (zebrafish) and Hsmar1 (human)
Genome wide alignments. Hsmar1 and Tdr1 coordinates were filtered from their respective repeat masked genomes, downloaded from UCSC table browsers (https:// genome.ucsc.edu/cgi-bin/hgTables). We employed bedtools https://bedtools.readthedocs.io/en/latest/ to fetch their sequences from Human Reference Sequence (hg19/ GRCh37) and Genome Reference Consortium Zebrafish Build 10 (danRer10/GRCz10), respectively. We aligned sequences with their reference sequence from Repbase (http://www. girinst.org/repbase). The sequences were aligned using MUSCLE (28) sequence length and visualized by the jalview tool (http://www.jalview.org/).
Genome-wide analysis of transposon ends. We used fulllength Hsmar1 and Tdr1 sequences from Repbase. We concatenated sequences from left and right terminal inverted repeats (30 bp from each end) to build in silico MITE sequence. Alignments were by visualized by the jalview tool.
Identifying solo and MITE structures. We used BLAT (https://users.soe.ucsc.edu/~kent) to identify genomic sequences on both strands that match a full-length element, solo terminal IRs and MITEs of Hsmar1 and Tdr1 from human and zebrafish genomes, respectively. We analysed genomic coordinates with 90% or higher identity scores further. Genomic coordinates were post-processed to filter in solo terminal Inverted Repeats (solo IRs) and MITEs. For accounting solo terminal IRs, we used a 5 kb window (an IR sequence is not in the proximity of 5 kb with a previous one.) Post-processing included a cross-check with RepeatMasker (http://www.repeatmasker.org/) sequences of Hsmar1 and Tdr1. Upon identifying Hsmar1-derived sequences in the human genome, we noticed that most of solo IRs and MITEs are annotated as MADE1 repeat family as Hsmar1 dependent Tc1/mariner (http://www.repeatmasker.org/cgibin/ViewRepeat?id=MADE1). MADE1 is represented by ∼8000 copies in human genome, from which 660 are 100% identical to the Repbase sequence (http://www.girinst.org/ repbase).
RESULTS
Genome-wide comparative analysis of simple-IR-and IR/DR-type elements
We analyzed genomic copies of two transposon families, possessing either simple or IR/DR-type inverted repeats with respect to copy number, primary DNA sequence and subfamily structure. Since the transpositionally active, synthetic Sleeping Beauty is resurrected from various fish genomes (25), we have chosen a related IR/DRtype transposon, Tdr1 (29) from the zebrafish genome as a model, and compared it to genomic copies of the simple-IRtype human mariner element Hsmar1 (26,30) ( Figure 1A) . Genome-wide analysis revealed that both transposons accumulated large copy numbers in their respective hosts (Figure 1B) , however neither family is mobile at present, due to inactivating mutations (26, 29) . The most obvious feature of both Tdr1 and Hsmar1 transposon copies is a high degree of mutational damage of their IRs, especially at the very ends of the transposons ( Figure 1C ). These 'self-inflicted wounds', originally described for the mariner elements (23) , are generated by transposase nicking at the transposon IRs. 'Self-inflicted wounds' are clearly detectable among the Tdr1 copies but, in contrast to Hsmar1, seem to occur more symmetrically at both ends of the transposons ( Figure 1C ). Our genome-wide analysis supports this observation, suggesting that the process generating mutations at the ends of the Tdr1 transposon occurs in a more concerted manner when compared to Hsmar1 s ( Figure 1D ).
The efficiency of both mariner and SB transposition correlates negatively with increasing transposon size (22, 31) , suggesting that internally deleted transposon copies may have an advantage in transposition, and therefore would be predicted to accumulate higher copy numbers in the genome over time. Alignment of genomic transposon copies suggests that the structure of the internally deleted copies of Tdr1 and Hsmar1 are different. While the truncated Tdr1 copies always carried sequences of various lengths between the IR/DRs (over 400 bps, Supplementary Figure  S1 ), variants lacking the entire internal part, and basically consisting only of the IRs are detectable only in the Hsmar1 population (Supplementary Figure S2) . These structures are known as miniature inverted repeat transposable elements or MITEs, and seem to be generally associated with mariners (30, 32, 33) . Curiously, while various Hsmar1-derived MITE-like structures are detectable in the human genome, one particular variant, consisting from two, 37-bp IRs linked by a 6-bp intervening sequence appears to have been preferentially amplified ( Figure 1E ). Some of these MITEs are annotated as MADE1 (30) , and are processed by the RNA interference enzymatic machinery to form 22-nt mature miRNA sequences (hsa-mir-548) (34) . Six of these a 'domesticated' Hsmar1-derived miRNA genes have been implicated to have a primate specific, cancer-related regulatory role (34) . Our analysis identified around 300 MADE1 MITEs with a 100% sequence identity to the consensus sequence in Repbase (35) (Figure 1E ), predicting that the number (and the impact) of Hsmar1-derived miRNA genes is much higher than previously estimated. Intriguingly, despite the fact that MITEs (of different origin) are present in the zebrafish genome (36) , no Tdr1-derived MITE sequences could be identified, suggesting that the transposition of IR/DR-type elements might not support the amplification of MITE-like structures. Finally, Hsmar1-derived solo IRs greatly outnumber the full-length copies (∼2500 copies versus ∼200 copies, respectively, a 12.5× ratio) (37) in the human genome, while we estimate this ratio significantly lower for Tdr1 in the zebrafish genome (660 versus 118 copies, 5.6×) ( Figure 1B) .
In sum, both Hsmar1 and Tdr1 accumulated high copy numbers in their respective host genomes during their active evolutionary life cycle. The process of generating of 'self-inflicted wounds', thought to be associated with transposase-dependent nicking (23) , likely contributed to the inactivation of both transposon families. In contrast, internally deleted versions, MITEs and solo elements accumulated to different extents, suggesting transposon-specific processes.
Sleeping Beauty does not mobilize truncated substrates efficiently
We next probed experimentally the mechanistic differences between simple and IR/DR-type transposons and their contribution to their different genome-wide landscapes. The Hsmar1 transposase was previously reported to prefer the Hsmar1-derived MADE1 MITEs (also called MiHsmar1, (30)) over full-length elements as substrates (26), thereby providing a possible explanation for how Hsmar1-derived MITEs accumulated in the human genome.
To see how an active IR/DR transposase handles internally truncated transposons, we generated two versions of the SB transposon, by deleting either 977 or 1654 bp internally. The Mutant#2 construct consists almost entirely of the IRs (2 × 230 bp), thereby mimicking a MITE. The two internally deleted mutants were subjected to a transposon excision assay that measures fluorescence produced by a restored open reading frame of GFP upon transposon excision. Interestingly, both internally deleted transposon substrates were mobilized less frequently in comparison to the full-length element ( Figure 1F) . Curiously, the MITElike substrate was mobilized only at a ∼10% efficiency of the full-length element. Thus, in contrast to Hsmar1, SB does not prefer internally deleted or MITE-like structures for mobilization. This observation might also explain why MITEs are not associated with the related Tdr1 (IR/DR) transposon in the zebrafish genome.
In addition to recombination between genomic copies, solo-IR transposon copies could be resulting from singleended transposition events, and single-ended transposons of mariner (38) , SB and piggyBac (16) were reported to occasionally serve as substrates for transposition. We compared the frequency of single-ended substrate utilization of Hsmar1 (simple IR) versus SB (IR/DR) transposition, by measuring mobilization of truncated substrates that lack one of their IRs in a cell culture-based transposition assay (25) (Figure 1G ). After discarding non-transposasemediated genomic integration events, we estimate that single-ended substrates were integrated more frequently in Hsmar1 (6.4%) versus SB (0.54%) (16) transposition (Figure 1G) , suggesting that the more complex inverted repeat structure (IR/DR) could be a contributing factor to the fidelity of SB transposition.
The PAI subdomain of the Sleeping Beauty transposase mediates primary substrate contact
The DRs of the IR/DR have a composite structure, recognized by a composite DNA-binding domain of the transposase (21) . The DNA-binding domain of the SB transposase consists of two helix-turn-helix (HTH) motifs, referred to as PAI and RED, based on their resemblance to the PAIRED domain present in the PAX family of transcription factors (21, 39) . Both subdomains are involved in sequence-specific DNA-binding: PAI binds the 3 -and RED interacts with the 5 -part of the bipartite transposase binding sites represented by the DRs (21, 40) . In addition to DNA binding, PAI was previously shown to encode a protein-protein interaction function (21) . Notably, the four DRs of SB are not identical, as the DRs at the transposon ends are longer by 2 bp (14DRs versus 12DRs in Figure  1A) .
Although the binding site occupied by the PAIRED domain of SB has been determined by footprinting (21, 25) , this approach is not informative regarding the relative contributions and specificities of DNA-binding by the PAI and RED subdomains. To answer this question, we have used a CASTing approach that was originally developed to identify optimal binding sites for DNA-binding proteins (41) (Figure 2A ). CASTing selects preferentially bound sequences out of complex libraries based on sequential enrichment of DNA sequences by affinity purification and PCR amplification. Thus, a CASTing approach should (i) identify high affinity binding sites, and (ii) map sequence motifs that are preferentially involved in primary substrate recognition by the composite DNA-binding domain. Based on footprinting data of SB transposase binding (25), a 35-bp random oligonucleotide library was exposed to binding by recombinant SB transposase in vitro. Oligonucleotides selected after six CASTing cycles were sequenced and tested in electromobility shift assay (EMSA) using the full (PAIRED) DNA-binding domain of the transposase. Some of the CASTing-selected sequences were bound up to eight-fold stronger than the wild-type 14DR sequence ( Figure 2B and C) . Curiously, the CASTing-selected, highaffinity binding sites had only limited similarity to the wildtype DRs, and sequence similarity concentrated mainly to the PAI recognition motif ( Figure 2D ). Thus, while the PAI subdomain seems to specify primary substrate recognition (21, 40) , RED is marginally involved in this process. The sequences captured by the CASTing strategy suggest that DNA-interactions mediated by PAI and RED have distinct functions, and protein-DNA interaction by RED might take place at a later step. Furthermore, CASTing did not appear to be selective for either 12DR or 14DR, suggesting that there is no significant distinction between 12DR (inner) versus 14DR (outer) ( Figure 2D ) binding sites during the 'first contact' between the transposon and transposase.
The RED subdomain of the Sleeping Beauty transposase mediates the distinction between 12DR versus 14DR
The sequence recognized by either RED or PAI differs between 12DRs and 14DRs ( Figure 3A) . Notably, the RED binding site overlaps with a sequence that is 2-bp shorter in 12DR (21) (Figure 3A) , suggesting that RED might be involved in distinguishing between the inner (12DR) and outer (14DR) binding sites of the transposase. To test this assumption, double-stranded oligonucleotides representing the 12-and 14DRs were subjected to EMSA, using either the PAI (1-57 aa) or the RED (58-123 aa) subdomains of the SB transposase. As shown in Figure 3B , PAI equally bound to both DRs (lanes 2, 7, 8 and 13). In contrast, RED had a clear preference for 12DR, and no significant binding was detected using the 14DR substrate ( Figure 3B, lanes 3,  5, 6 and 12) . Thus, RED can distinguish between 12-versus 14DRs that might occur by recognizing sequence variation or difference in length. In order to distinguish between these possibilities, the EMSA was repeated with a 12DR-like oligonucleotide filled with 2 nucleotides having the same length as 14DR. Incorporation of two nucleotides into the 12DR abolished specific DNA binding (Supplementary Figure S3A , lanes 6 and 7) by RED, but left binding by PAI unaffected (Supplementary Figure S3A, lane 8) . These results indicated that RED distinguishes between inner and outer DRs by length and not sequence. The above data support the hypothesis that selective recognition of the inner (12DRs) versus outer (14DRs) transposase binding sites is guided by length difference between the 12-and 14DRs, recognized by the RED subdomain of the SB trans- posase. Curiously, RED does not recognize 14DR, located at the end of the inverted repeat in this experimental setup.
In addition to 12/12DR distinction, RED is involved in protein-protein interactions
Although the PAI and RED subdomains are of similar size (57 and 66 amino acids, respectively), their nucleoprotein complexes migrate differently in EMSA ( Figure 3B ). Based on mobility, PAI seems to bind both the 12-and 14DRs as a monomer. In contrast, using similar concentrations, the dominant nucleoprotein complex formed between RED and 12DR migrates slower, consistent with the complex containing two molecules of RED ( Figure 3B, lanes 3, 5 and  6) . Notably, the complex formed by a RED monomer could be detected at a reduced protein concentration (20-fold less) in the binding reaction ( Figure 3B, lane 3) . This observation suggests that RED readily forms dimers upon binding to the 12DR, suggesting that similarly to PAI (21) the RED subdomain might be involved in both protein-DNA and protein-protein interactions. To test this, the RED peptide was subjected to chemical crosslinking followed by western blotting. Bands corresponding to dimeric, tetrameric and even higher order multimeric structures of RED were identified, both in the presence (Supplementary Figure S3B) and absence of DNA substrate (not shown). These results indicate that similarly to PAI (21), the RED subdomain is able to homodimerize. In sum, although both the PAI (21) and RED subdomains are proficient in protein-protein interaction, only RED, but not PAI forms dimers upon DNA binding. , 1-3) , respectively (15 min, followed by 10 min on ice). Binding reactions were performed at constant RED concentration (0.4 pmol). Note that detectable SEC formation was neither detected when 14DR was offered as a partner to 12DR (right panel, 1-3 ), or in a reciprocal experiment, when complex formation was initiated on 14DR (lanes 17-19) . The complexes were separated on 4% native gels.
The 12/12DR rule of synaptic complex formation during Sleeping Beauty transposition
We have shown previously that HMGB1 is also required for SB transposition, and enhances preferential binding of the SB transposase to the 12DR (42) . To test whether HMGB1 is affecting substrate binding of RED, purified human HMGB1 protein was included in the binding reactions ( Figure 3C ). Increasing the concentration of RED resulted in an additional band of lower mobility, in a process that did not require Mg 2+ ( Figure 4C, lanes 1-10) . The presence of HMGB1 enhanced the intensity of this low mobility band at various RED concentrations (0.2-0.6 pmol) (Supplementary Figure S3C ). Notably, HMGB1 was not incorporated stably in the RED-12DR complex, as no supershift was detectable in the EMSA (Supplementary Figure S3C) .
Initial formation of a 12DR-RED complex is likely followed by incorporation of additional DNA sites during synaptic complex assembly. To address this, we used staged EMSA. In the first step, a fixed concentration of RED (0.4 pmol) was allowed to bind labeled 12DR. In the second step, the RED-12DR complex was exposed to various amounts of labeled 12DR or 14DR ( Figure 3C , lanes 12-15 and 1-3). When labeled 12DR was added to the precomplex, a lower mobility complex has appeared in the EMSA ( Figure 3C, lanes 12-15) , while no lower mobility complex was detectable when 14DR was offered as a second DNA substrate ( Figure 3C, lanes 1-3) . In the reciprocal experiment, no significant low mobility complex formation was detectable, when 14DR was used in the first step of the staged EMSA ( Figure 3C, lanes 17-19) . Thus, the 12DR-RED pre-complex was able to capture an additional 12DR substrate molecule. In contrast, 14DR was rejected as a partner, suggesting that the low mobility complex consists of 12DR-RED-12DR.
In sum, these data support a model where a RED-12DR complex selectively captures a second 12DR, and not a 14DR, thereby establishing a 12/12DR rule of paired-end complex (PEC) formation in SB transposition. The assembly process is facilitated by HMGB1. Thus, the SB transposase preferentially binds to the inner 12DR located distantly from the end of the transposon, dimerizes via the RED subdomain, and bridges to the second 12DR in the other IR of the transposon.
Cleavage is inhibited at the 12DR
In mariner transposition the recombinase dimer bound to its binding site is catalytically active, and cleaves the transposon end (9) . Similarly, a 12DR-transposase-12DR complex holding both arms of the transposon is assumed to be catalytically active. Still, cleavage is not expected to occur, since the TA dinucleotide required for the cleavage (43) is not present next to the 12DR motif ( Figure 3A) . To see if the transposase could cleave at the internal 12DRs, two versions of mutant transposons were created. In both constructs, the left IR was wild-type, while the right IR was truncated at the internal DR, and was either modified to end with a TA (12DR-TA) or changed to 14DR that has the canonical TA dinucleotide (14DR-TA) ( Figure 4A ). The two mutant transposons were subjected to both excision and transposition assays (Supplementary Figure S4 and Figure 4B ). Despite being truncated, detectable cleavage occurs using 14DR-TA ( Figure 4B, left panel) . In contrast, almost no cleavage products could be identified by 12DR-TA ( Figure 4B , left panel), indicating that regardless of the presence of a TA, 12DR is not compatible with cleavage. In contrast to cleavage, neither of the truncated transposon versions transposed efficiently. Compared to the wild type, the transposition assay estimated ∼26% transposition frequencies using 14DR-TA ( Figure 4B , right panel) (22) , suggesting that the 12/12DR rule is not absolute. No detectable transposition occurred using 12DR-TA ( Figure 4B , right panel), indicating that the inner position is resistant to cleavage even if it is flanked by a TA dinucleotide.
To challenge the ordered assembly process, we asked if a pre-cleaved transposon substrate could be incorporated into the transposition process. We generated a wild type transposon cleaved by BsaXI, a restriction enzyme that similarly to the SB transposase removes three nucleotides from the end of the transposon ( Figure 4D ). The pre-processed substrate was subjected to a transposition assay. Surprisingly, no significant transposition could be detected using the pre-processed transposon (not shown), suggesting that a pre-cleaved transposon substrate is not accepted by the SB transposase.
The above experiments suggest that SB transposition is a delicately controlled process, where the reaction proceeds in a defined order of distinct steps coupled to quality control. For example, an aberrant transposon can be excised, but still filtered out before the integration step occurs. Precleaved substrates, not validated by the quality control cannot be incorporated in the reaction. The ordered assembly process of SB promotes paired-end complex formation at the inner DRs that are located distantly from the ends of the transposon. The paired complex would then be guided to cleave the transposon ends next to the outer DRs.
IR/DR governs an 'ordered assembly' process
Altering the affinity of the binding sites might also challenge the 'ordered assembly' process. Thus, a series of transposon versions were constructed where 12DR and/or 14DR motifs were replaced by CASTing-selected, high affinity binding sites shown in Figure 2 , and the various constructs were subjected to transposition assays ( Figure 4E) . Surprisingly, replacing wild type motifs with the high-affinity CAST-5 sequence did not improve transposition frequencies. On the contrary, replacing either 12DRs or 14DRs with the CAST-5 motif resulted in 65% and 3% of wild type activities, respectively ( Figure 4E) . Similarly, changing all four DRs to CAST-5 had a severe negative effect on transposition (2.2%), suggesting that an enhanced DNA-binding affinity at either DR position might compromise SB transposition. Alternatively, the negative effect of CAST-5 on transposition could, at least partially, be explained by preferential selection for PAI binding, while compromising binding by RED. Indeed, the CASTing sequences are predicted to be sub-optimal for RED interaction, thereby compromising the ability of the SB transposase to distinguish between inner versus outer positions (Figure 2 ). To distinguish between the two scenarios, we generated CAST-5/wt hybrids, in which CAST-5-derived sequences replaced only . On the right, the respective transpositional activities determined by a colony-based transposition assay (25) are shown in comparison to wild type transposon (construct #1), set as 100% (n = 4). Transposition activity of transposon variants, where the DRs of the transposons were changed to enhanced binding affinity (CAST-5) sites. PAI (black box) or the RED (gray box) recognition motifs into a high-affinity binding site (CAST-5) selected by CASTing (marked by stars at the PAI and stripped at the RED-like recognition motifs). (F) As in Figure 4E , but the CAST-5 sequence was used to replace only the PAI recognition motif, while the rest of the DR was wild type (n = 4). The optimized construct #6 is named as pT4.
the PAI interaction motif and keeping the rest of the transposase binding site wild type. Again, we tested the impact of the hybrid motifs on transposition in various combinations. The high-affinity, CAST-5/wt hybrid motifs were still affecting transposition negatively at the outer and the combined inner/outer positions ( Figure 4F) . However, the CAST-5/wt motif improved transposition (175%), when replacing 12DRs at the inner positions (pT4) ( Figure 4F ). In conclusion, the DNA-binding affinity of the DRs at the inner versus outer positions cannot be freely changed, indicating that substrate recognition occurs in well-defined steps at different phases of the transposition reaction, directed by the IR/DR structure.
The K248A exc + /int − mutant liberates transposon via a hairpin intermediate
The process generating 'self-inflicted wounds', observed for both Hsmar1 and Tdr1 is assumed to be 'open-and-shut' cleavage that does not liberate the transposon. Nevertheless, the process seems to require pairing of the IRs of IR/DR elements before cleavage ( Figure 1D ). 'Self-inflicted wounds' are assumed to be generated by transposase variants that cannot process the transposon ends appropriately (44) , for example because the first nick at the non-transferred strand is not followed by double-strand cleavage. To identify such SB transposase mutants, we performed systematic alaninescanning mutagenesis in the catalytic domain. The transposase mutants were tested for both excision (Supplementary Figure S4 ) and integration activities ( Figure 5A ). The majority of the single amino acid mutations resulted in decreased activity or were even inactivating, while some of the mutations enhanced activities. The hyperactive mutations (up to 180%) included M243A, K252A, V254A, D260A, S270A and P277A ( Figure 5A and B) . In general, the mutations affected both excision and transposition in a comparable manner with the exception of K248A. While K248A was able to excise the transposon ( Figure 5C ), the reintegration of the excised molecule was severely impaired (8% versus wt) ( Figure 5A ), suggesting that in K248A transposition the excision and reintegration steps are not coupled. The excision footprints generated by K248A were not typical products of nonhomologous end joining (NHEJ) ( Figure 5D ), but more compatible with being generated by homologydependent repair (HDR) (10) . Alternatively, the footprint structure could be explained by aberrant cleavage that did not occur at the ends of the IRs.
To distinguish between these two possibilities, we followed the fate of the excised transposon by using a reporter construct, RescueSB (16) . RescueSB carries a replication origin inside and a gene encoding rpsL outside of the transposon ( Figure 5E ). Using negative selection provided by rpsL, excised but not integrated circular transposon molecules can be recovered and sequenced. Analysis of the recovered transposons detected no large deletions; instead, they were lacking a few nucleotides (mostly) from the right IR ( Figure 5E ). These changes would render these circularized transposon molecules unable to reintegrate, in agreement with the exc + int − -like phenotype of K248A. Curiously, the sequences at the junction sites were reminiscent of DNA repair following hairpin resolution ( Figure 5F and Supplementary Figure S5) . The hairpin intermediate is indicative of single-strand cleavage. Our data are consistent with K248A not being able to perform second strand cleavage effectively. Nevertheless, single-strand cleavage at both IRs of the transposon by K248A could liberate the transposon via a hairpin intermediate. The hairpin intermediate is generated when the 3 -OH of nicked DNA attacks the opposing second strand in a direct trans-esterification reaction resulting in a double-strand break. The reaction is completed by a simple resolution of the hairpin structure on the transposon end. Hairpin resolution by nicking at the tip of the hairpin yields a blunt transposon end, but would diversify the DNA sequence when occurs at other positions (45) , disabling the reintegration step.
DISCUSSION
In order to avoid the generation of aberrant side products and potentially genotoxic transposition events, the synapsis of the two transposon ends should precede the catalytic step. Because in the Tc1/mariner family a catalytically active transposase dimer can be formed on a single IR, a mechanism that controls synapsis of the ends is critical. In mariners, a conformational change couples synapsis and cleavage, and suppresses premature cleavage at unsynapsed transposon ends (3, 9, 11, 13, 14, 44) . This constraint provides effective regulation of mariner transposition at low transposase concentrations, but can be challenged by changing the transposase/transposon ratio, or by enhanced activity of the transposase (44) .
Here we provide evidence that the IR/DR structure, characteristic to a subgroup of the family of Tc1/mariner transposons, provides an extra layer of regulation to enforce paired-end formation before cleavage to occur. Our data are compatible with a model of SB transposition, in which the distinct steps of synaptic complex assembly are orchestrated by the interplay between the IR/DR structure and the composite PAIRED-like domain of the transposase. Both PAI and RED subdomains possess both DNA binding and protein-interaction functions that play important and differential roles at different phases of the transposition reaction. The DRs located at either ends of the IRs are distinguished by their size (14DR versus 12DR). We propose a model of IR/DR-governed complex assembly (Figure 6) , in which DNA binding and protein-protein interaction are used alternatively in a defined order. The specific primary DNA recognition is conducted by PAI, and the contribution of RED to 'first contact' is limited. RED distinguishes between 12 versus 14DRs, and is involved in specifying complex assembly at the inner 12DR. Upon binding to the 12DR, the transposase readily forms dimers ( Figure 3B ) (alternatively, the transposase binds DNA as a dimer) through protein-protein interaction via the RED-RED interface. The complex captures the second IR as naked DNA, following the rule of 12/12DR, while the combination of 12/14DR is not accepted ( Figure 3C ). Synapsis is not accompanied by cleavage at the inner 12DRs. In the following steps further (possibly two) transposase molecules are recruited via the PAI-PAI interface, and finally the 14DRs are incorporated in the complex. While RED does not recognize 14DR in the early phase of the reaction (Figure 2) , it is required to complete the assembly process, and prepare the complex for cleavage/reintegration performed by the catalytic domain. This process is assisted by the host-encoded factor HMGB1 that is recruited by the transposase (42) . The role of HMGB1 is potentiate DNA binding at the inner 12DR (42) . The DNA-bending activity of the HMGB1 might facilitate second-end-capture, and perhaps contributes at later steps of the complex assembly process as well. Nevertheless, the requirement for HMGB1 might not be absolute as the transposase is capable of capturing the second IR even in its absence ( Figure 3C ). Thus, HMGB1 is likely to improve the fidelity of the reaction.
The ordered assembly process provides quality control, and filters out aberrant intermediates by aborting the reaction, and inhibits the formation of MITEs. How IR/DR Nucleic Acids Research, 2017, Vol. 45 elements inhibit the accumulation of MITEs is not clear. It is unlikely to assume a requirement of an internal motif for transposition, since SB-based gene vectors only contain the IR/DRs and lack internal transposon sequences. Instead, the nucleoprotein complex formation might require an optimal distance between the IRs, and the connecting DNA cannot be too short. Notably, transposition is not efficient either if the 'tips' of the IRs are too close to each other (e.g. on a circular molecule (22) ). Perhaps, a certain length of the DNA around the IR/DRs might be necessary to properly accommodate the multimeric transposase and its host factors (e.g. HMGB1) during complex formation. The highly regulated nature of IR/DR transposition makes it challenging to convert improved binding affinity to enhance the transposition reaction as a whole. Increasing binding affinities at the IRs uniformly or at the outer 14DRs disturbs the delicately regulated ordered assembly process, and results in reduced transposition frequencies ( Figure 4E ). Nevertheless, enhancing binding affinity at the inner 12DRs could affect the entire transposition process positively ( Figure 4F) . Notably, the enhancement is not directly proportional with the optimized binding affinity, indicating that the IR/DR structure governs a delicately regulated process that does not tolerate drastic changes. Nevertheless, the attempt to decipher the role of the IR/DR structure in combination of molecular evolutionary approaches could be translated to significantly improve the efficiency of SB transposition for genetic applications (pT4).
Despite regulatory constraints, under suboptimal conditions transposases of the Tc1/mariner family or variants generated by mutations seem to catalyze infrequent, unconstrained transposition reactions (38, 44) . Besides providing insight into the mechanism of transposition, these events have phylogenetically significant aspects. For example, generating 'self-inflicted wounds' represent a suicidal form of autoregulation, assumed to support a stable transposonhost coexistence (44) . This reaction initiates by nicking, but the reaction aborts, and the gap is resealed by the host DNA repair machinery ( Figure 6C ). Similarly, certain RAG1 mutants are able to 'nick only' without proceeding with the cleavage reaction further (46) . Notably, 'selfinflicted wounds' of the IR/DR elements are generated in a fairly concerted manner ( Figure 1D ), suggesting that the process involves paired-end-formation.
Alternatively, the mutated transposon copies might be integration events of excised transposons. Indeed, the nicks generated by K248A are not resealed, and the transposon gets liberated. The majority of K248 excised transposon molecules do not reintegrate efficiently, but accumulate as circular extrachromosomal DNA, thereby exhibiting an exc + int -phenotype. Thus, in the K248A-mediated reaction the excision and integration functions of the transposase are clearly disconnected. Intriguingly, besides switching between integrating and extrachromosomal mode, K248A demonstrates a yet unprecedented scenario when the reaction converts from hydrolysis to a transesterification mode. The free DNA strand, generated by nicking, attacks the opposite DNA strand. The resulting double stranded cut liberates the transposon via a hairpin intermediate. Resolution via hairpin intermediate is considered as a mechanistically different mode of transposition, characterizing the bacterial Tn5 Tn10 elements or V(D)J recombination. The hairpin resolution diversifies the transposon IRs, explaining the exc + int -phenotype. Excised but not reintegrated molecules were observed during transposition of Tc1, Tc3 or Minos elements (47, 48) ; these extrachromosomal transposonderived molecules have long been debated to be either transposition intermediates, or side products. We do not consider K248A-generated extrachomosomal circles as natural transposition products, however they might have a phylogenetic relevance. It is noteworthy that a switch between the two modes (integration versus extrachromosomal) is relatively simple. It can be generated by a mutation or perhaps by suboptimal conditions. A single amino acid change in K248 can apparently convert the tranposase to generate extrachromosomal copies, where the second strand is processed, and diversified by hairpin resolution. Although the extrachomosomal circles integrate poorly, they might be optimal vehicles for horizontal transfer, and establish transposition in a new naïve genome.
The analogy between SB transposition and V(D)J recombination is multiple, underpinning the mechanistic relatedness. The sequences recognised by the recombinases are clearly related ( Figure 3A) , and both processes are assisted by HMGB1 (17, 18, 49) . The IR/DR regulation resembles the 'ordered assembly' process of V(D)J recombination (19) . An important difference is that during paired end formation the naked DNA captures a heterologous (12/23) partner in V(D)J recombination, while in SB transposition the captured partner is homologous (12/12). Strikingly, while V(D)J recombination was evolved from transposition (2), our current work demonstrates that transposition could be converted by a single amino acid change to a V(D)J-like process.
